[1] Almost 9 years of sea surface height observations from the TOPEX/Poseidon (T/P) satellite altimetry mission are used to observe the geocentric pole tide deformations of the sea surface. If the oceans are assumed to have an equilibrium response, then satellite altimeters effectively observe the equipotential surface that is associated with the solid Earth and ocean pole tide deformations. The long-wavelength component of the geocentric pole tide deformations at the Chandler wobble period is observed from T/P altimetry to be consistent with the theoretical self-consistent equilibrium response of the ocean pole tide. The geocentric pole tide explains 70% of the variance in the degree 2 order 1 spherical harmonic component of the residual sea surface heights that are observed by T/P, after removing the seasonal, inverse barometer, and lunisolar tidal effects. If the long-wavelength component of the ocean pole tide is assumed to have an equilibrium response at the Chandler wobble period, then satellite altimetry proves to be another geodetic technique that can be used to estimate the Love number k 2 at that period.
Introduction
[2] The centrifugal force that is associated with the rotation of the Earth causes the Earth to deform. Any variations of the Earth's instantaneous rotation vector are accompanied by variations of the associated centrifugal force, which then translate into variations of the deformations that are induced by that force. Variations of the Earth's instantaneous rotation vector occur as variations in the rotation rate and deviations of the geocentric location of the pole of the instantaneous rotation vector, namely polar motion. The deformations that are caused by variations of the rotation rate are small compared to those caused by polar motion [Wahr, 1985] .
[3] Polar motion of the Earth is almost completely described by two harmonic variations of the location of the instantaneous rotation pole with respect to the mean rotation pole: an elliptical motion at an annual period, and an almost circular motion at a period of 14 months. The 14-month variation is a free mode of the Earth referred to as the Chandler wobble and has amplitudes that vary with time. While various excitation mechanisms have been investigated including continental water storage, core-mantle interactions, and earthquakes, Gross [2000] demonstrates that atmospheric and oceanic processes are the most likely sources of excitation of the Chandler wobble. The deformations resulting from these harmonic variations in polar motion are determined in an identical manner to those deformations that are caused by the lunisolar tidal potential. The incremental centrifugal potential that is associated with this polar motion is then referred to as the pole tide potential, with the resulting deformations referred to as the pole tide [Munk and Macdonald, 1960] .
[4] The pole tide in the solid Earth is derived by applying classical Love number theory to the pole tide potential just as the lunisolar body tides are derived from the lunisolar tidal potential. Similarly, the pole tide in the oceans can be derived by extending lunisolar ocean tide theory to the pole tide potential. Fundamentally, the displacement of the oceans that is caused by the lunisolar or pole tide potential is dependent on the inherent dynamics of the oceans. However, frictional effects are likely to increasingly damp ocean currents at periods much longer than the longest period normal mode of the ocean basins of about 80 hours [Platzman et al., 1981] . At very long periods the ocean displacements are then expected to be coincident, or in equilibrium, with the surface of constant potential. Various analyses [e.g., Proudman, 1959; Agnew and Farrell, 1978; Carton, 1983; Miller et al., 1993] indicate that at the periods of the two largest components of the long-period lunisolar tidal potential, 14 and 28 days, the oceans are likely to have a long-wavelength response that corresponds to the equilibrium response. However, small shorter wavelength departures from equilibrium at these periods are expected and have been observed [Desai and Wahr, 1995; Desai and Wahr, 1999] , but the relative departures from equilibrium decrease with increasing period. The pole tide potential has much longer periods of 365 and 433 days and the ocean JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 107, NO. C11, 3186, doi:10.1029 /2001JC001224, 2002 Copyright 2002 by the American Geophysical Union. 0148-0227/02/2001JC001224$09.00 pole tide is therefore likely to have an equilibrium response. Numerical solutions to Laplace's tidal equations by Carton and Wahr [1986] indicate that any departures of the ocean pole tide from equilibrium are expected to be negligible at the Chandler wobble period.
[5] Observations of the displacements of the ocean surface cannot discriminate between pole tide displacements at the annual period and seasonal displacements of the ocean surface that originate from other sources, such as those associated with the general circulation of the oceans. Besides the pole tide, no other displacements of the solid Earth or oceans are expected at the Chandler wobble period. Strict application of Rayleigh's criterion for separation requires 6.4 years of observations to separate annual and Chandler period variations. A sufficiently long sea surface height data record can then be used to observe the ocean pole tide at the Chandler period.
[6] Until now observations of the Chandler period pole tide in the oceans have been limited to the use of tide gauge data. Trupin and Wahr [1990] use data from 721 globally distributed tide gauge stations with an average data length of 29 years to observe the Chandler period ocean pole tide, and conclude that these observations support a global equilibrium response of the pole tide. Results from Haubrich and Munk [1959] suggest that the pole tide has significant departures from equilibrium in the North and Baltic Seas. However, Trupin and Wahr [1990] , Xie and Dickman [1996] , and O'Connor et al. [2000] suggest that meteorological forcing at the 14-month period contributes to the apparent departures from equilibrium that are observed in this region.
[7] A long duration of high accuracy almost global observations of the geocentric sea surface heights is available from the TOPEX/Poseidon (T/P) satellite altimeter mission [Fu et al., 1994] . The T/P satellite was launched in 1992 and the on board altimeter continues to provide an almost global sea surface height data record that now extends to approximately 9 years. This data record presents an unprecedented opportunity to observe the Chandler period pole tide over most of the ocean surface. The altimetric sea surface height observations provide almost complete coverage of the open ocean displacements unlike tide gauge observations which are limited to specific sites that are usually located in coastal areas. The T/P data record now covers more than seven cycles of the Chandler period pole tide. The Chandler wobble has amplitudes of the order of 0.12 -0.26 arcseconds over the period from 1992 to 2001, and the corresponding pole tide displacements of the ocean surface are expected to have maximum amplitudes of the order of 8 -18 mm. Meanwhile the once per second observations from the dual frequency altimeter on the T/P satellite have measurement accuracies of the order of 4 -5 cm. However, the T/P satellite is in an orbit whose ground track exactly repeats every 9.9156 days and spatial averaging of the 1 Hz altimetric observations can then be used to observe the Chandler period pole tide.
[8] Here, the equilibrium response of the solid Earth and the ocean pole tide is initially formulated to provide an understanding of the expected pole tide displacements that are observed by altimeters, since satellite altimeters actually observe the sum total of the geocentric displacements of the solid Earth and the oceans. The available T/P altimetric data set of about 8.7 years is then used to observe the Chandler period pole tide, and to show that its long-wavelength response is observed to be consistent with the theoretical equilibrium response of the oceans. The assumption of an equilibrium response then permits the use of the altimetric observations for the determination of the Love number k 2 at the Chandler period.
The Centrifugal Potential
[9] A body fixed rotating coordinate frame is defined on the Earth such that the mean rotation axis is initially aligned with the z axis of the coordinate frame. In this coordinate system, the initial mean rotation vector, " w 0 , takes the form:
where is the mean rotation rate of the Earth. The instantaneous rotation vector, " w(t), has small time dependent variations that are usually defined in terms of the small quantities, m 1 (t), m 2 (t), and m 3 (t), where m i (t) ( 1 [e.g., Lambeck, 1988; Munk and Macdonald, 1960] .
The parameters m 1 (t) and m 2 (t) describe polar motion, and m 3 (t) describes variations in the Earth's rotation rate. To first order in m i , the parameters m 1 (t) and m 2 (t) are the angular offsets of the instantaneous rotation vector from the z axis of the defined coordinate frame, in the directions of the x axis and y axis of the coordinate frame, respectively.
[10] The instantaneous centrifugal potential, V c (x, y, z), at an arbitrary point with coordinates " r = (x, y, z) is to first order in m i [Wahr, 1985] ,
The instantaneous centrifugal potential can then be separated into the centrifugal potential that corresponds to the initial mean rotation vector, " V c (x, y, z):
and the time dependent differential centrifugal potential, V(x, y, z, t), that is introduced by the small time dependent variations of the instantaneous rotation vector from the initial mean rotation vector.
Variations in the rotation rate (m 3 ) are at least two orders of magnitude smaller than variations in the pole location (m 1 and m 2 ) and cause radial deformations that are below the millimeter level [Wahr, 1985] . As such, the contribution of variations in m 3 to the differential centrifugal potential can be ignored and this potential is then exclusively a function of the location of the instantaneous rotation pole. The differential centrifugal potential is then referred to as the pole tide potential. In geographical coordinates of colatitude, q, and longitude, l, the pole tide potential at the surface of the Earth is expressed as follows.
The conventional complex notation for the location of the rotation pole, m = m 1 + im 2 is adopted, Re[ f ] denotes the real part of the complex quantity f, m* denotes the complex conjugate of m, and a is the Earth's equatorial radius. Here Legendre polynomials of degree n and order m, " P nm (cos q), are normalized by the factor (À1)
1/2 such that "
The pole tide potential requires knowledge of the location of the instantaneous rotation pole in a body fixed coordinate frame. However, Gross [1992] notes that observatories actually report the location of the celestial ephemeris pole with respect to some body fixed rotating coordinate frame, rather than the location of the instantaneous rotation pole. Gross [1992] derives the following mathematical relationship between the reported location of the celestial ephemeris pole, p i (t), and the required instantaneous rotation pole location parameters, m i (t).
The complex notation p = p 1 + ip 2 is also adopted.
[12] The instantaneous rotation pole with respect to the body fixed coordinate frame is almost completely described by harmonic variations of the instantaneous rotation pole with respect to the mean rotation pole at the annual and Chandler wobble periods, and by a secular variation of the mean rotation pole with respect to the defined body fixed coordinate system. The deformations that are induced by the pole tide potential are usually considered to include only those that are associated with the harmonic variations of the instantaneous rotation pole. The secular variations of the centrifugal potential that are caused by the secular variation of the mean rotation pole might then be thought of as causing long term variations of the geopotential. Here, the mean and secular variations of the rotation pole are removed from the reported pole locations prior to applying equation (7) into the above equations for the pole tide potential.
[13] Using PX and PY to denote the pole locations that are reported by observatories on the Earth, the time dependent variations of p(t) that are used in equation (7) are:
where PX av and PY av represent the sum total of the mean and secular variations of the reported pole.
Here, values of (PX 0 , PY 0 ) = (À0. Gross [1992] , if equation (7) is considered in the frequency domain,
then at frequencies of w ( the time dependent variations of the reported pole are nearly identical to variations of the rotation pole. The amplitudes of the reported pole and the rotation pole at the dominant polar motion periods of 365 and 433 days differ by only 0.27 and 0.23%, respectively. As such, the pole tide potential is often determined by assuming that the variations of the reported pole and rotation pole are identical whereby the second term in equation (7) is ignored [e.g., . This approximation is not used here because the derivative of the reported pole is easily computed.
[15] All results presented in this paper adopt a reported pole time series that is composed of the daily values of the reported pole from the SPACE 2000 time series [Gross, 2001] for the period from 28 September 1976 to 6 January 2001, and the daily values from the long term Earth orientation data from the International Earth Rotation Service after 6 January 2001. The location of the rotation pole, m(t), is constructed from equation (7) as described above. This time series is shown in Figure 1 for the period that coincides with the T/P altimetric observations that are used in this investigation, specifically 21 December 1992 to 18 September 2001. Also shown in this figure is a similar time series of the rotation pole but after removing any annual and semiannual variations. A least squares fit to the rotation pole location data is used to estimate these seasonal variations simultaneously with Chandler period variations that are allowed to have amplitudes that change quadratically in time. Only rotation pole data that span the altimetric sea surface height data used in this investigation are used to determine the annual and semiannual variations. The variations of the rotation pole are dominated by an almost circular motion at the Chandler wobble period with time varying amplitudes that range from a maximum of 0.26 arcseconds during the early part of 1993, to a minimum of 0.12 arcseconds in early 2000, before increasing to 0.2 arcseconds toward the end of the available data. Annual and semiannual variations of the rotation pole are elliptical with amplitudes of 0.089 -0.094 and 0.002 -0.003 arcseconds, respectively.
Radial Pole Tide Deformations
[16] The pole tide potential and the second-degree diurnal tidal potential have an identical spatial dependence and differ only in the periods at which they occur. Variations in the pole location m are predominantly harmonic at the annual and Chandler wobble periods of 365 and 433 days. The deformations that are induced by the pole tide potential can therefore be determined by applying tidal Love numbers to this potential. The Love numbers are usually defined at DESAI: OBSERVING THE POLE TIDE WITH SATELLITE ALTIMETRY the surface of a spherical Earth with radius equal to the Earth's equatorial radius and are therefore applied to the potential at that radius. Satellite altimeters only observe radial displacements of the ocean surface so only the radial pole tide deformations are of interest here.
Body Pole Tide
[17] The radial body pole tide, z B (q, l, t), or the radial deformation of the solid Earth that is directly caused by the pole tide potential, is described in terms of the body Love number h 2 [Munk and Macdonald, 1960; Wahr, 1985] .
For convenience, a pole tide displacement scale factor, H p , is introduced,
where H p = 0.1385 meters if m is defined in units of arcseconds. The mean gravitational acceleration at the Earth's surface g has been substituted with the ratio GM/a 2 where GM is the Earth's gravitational constant. The general complex form of the Love number h 2 ¼ " h 2 exp id ð Þ is assumed to allow for the lag between the response of the Earth and the forcing potential from mantle anelasticity. Wahr [1985] indicates that mantle anelasticity could amplify the body pole tide by 4 -6% and cause a lag of 0.6 -0.7 degrees at the annual and Chandler wobble periods.
Ocean Pole Tide
[18] The ocean pole tide height, z O (q, l, t), is expressed here by explicitly separating the time dependent component that arises from the pole location from the spatial response that arises from the dynamics of the oceans. The spatially dependent response, or admittance, function Z(q, l) introduced here is similar to that often used to describe the lunisolar ocean tides [e.g., Cartwright and Ray, 1990] .
Use of the pole tide displacement factor H p makes the admittance function dimensionless and conveniently allows the ocean pole tide to take a similar form to the body pole tide. Separating the ocean pole tide admittance function into spherical harmonic components Z n of degree n,
the gravitational potential from this oceanic mass is then defined by U(q, l, t),
where a n is the factor (3/(2n + 1))(r w /r e ), and r w and r e define the mean densities of the ocean and Earth, respectively, where (r w /r e ) % 0.19 [Munk and Macdonald, 1960] .
[19] The load of the ocean pole tide also causes deformations of the solid Earth. The radial load pole tide, z L (q, l, t), is determined by applying load Love numbers h 0 n to the gravitational potential of the ocean pole tide [Farrell, 1972] .
This expression allows for complex load Love numbers that would also account for any lag in the response of the solid Earth to the load of the oceans.
Equilibrium Ocean Pole Tide
[20] An additional potential ÁV = k 2 V arises from the redistribution of mass that is associated with the body pole tide, where the general complex form of the Love number
ð \epsilonÞ is again assumed. The total potential at the deformed surface is then V + ÁV = (1 + k 2 )V where the body pole tide deformation z B takes the additional potential into account. The equilibrium ocean pole tide response assumes that the displaced ocean surface is in equilibrium with the equipotential surface. The equilibrium displacement of the ocean surface with respect to the ocean bottom is then determined by subtracting the body pole tide from the equipotential surface over the oceans [Lambeck, 1988; Munk and Macdonald, 1960] . The classical equilibrium ocean pole tide admittance function, " Z c , is found to be linearly proportional to the Love number combination g 2 = (1 + k 2 À h 2 ), and can therefore be defined as a function of a normalized equilibrium admittance function, " E c , which is independent of the body Love numbers.
The ocean function, O(q, l), has a value of 1 over the oceans and 0 over land [Munk and Macdonald, 1960] . The ocean pole tide must conserve mass and if the oceans are assumed to have constant density then the degree zero spherical harmonic component of these displacements must be zero,
introduced to impose the conservation of mass on the classical equilibrium ocean pole tide.
[21] The classical equilibrium response function ignores the effects of loading and self-gravitation of the ocean pole tide. As with the body pole tide, an additional potential arises from the redistribution of mass in the solid Earth that is associated with the load tide. This additional potential is determined by scaling each degree n spherical harmonic component of the gravitational potential of the ocean pole tide, U n (q, l, t), by the load Love numbers k 0 n . The total tide generating potential in the oceans is then
and the ocean bottom is displaced by the sum total of the body and load pole tide deformations. The self-consistent equilibrium ocean pole tide response function, " Z s , is then defined in a similar form to that of the long-period lunisolar ocean tides [Agnew and Farrell, 1978; Dahlen, 1976] , by modifying the classical equilibrium response function to account for the self-gravitation and loading of the oceans. It is also linearly proportional to the body Love number g 2 and can therefore also be defined in terms of a normalized self-consistent equilibrium admittance function, " E s .
Again, a complex constant K s is introduced to impose the conservation of mass, and g
The spherical harmonic components of the normalized admittance functions, " E c n and " E s n , are defined by coefficients (a nm + ib nm ).
[22] The first and second terms of equation (18) can be thought of as the first and second-order terms of the selfconsistent equilibrium ocean pole tide and this normalized admittance is therefore easily computed through an iterative scheme that uses " E s = " E c in the first iteration [e.g., Agnew and Farrell, 1978] . Convergence is rapid with an improvement in precision of one decimal place with each iteration. Both of the normalized equilibrium admittance functions are numerically computed using the ocean function from the DTM2000.1 terrain map of J. Saleh and N. Pavlis (personal communication, 2000) and the load Love numbers of Farrell [1972] . The mean densities of the oceans and Earth are taken to be r w = 1.035 g/cm 3 and r e = 5.518 g/cm
3
. The iteration for the normalized self-consistent equilibrium admittance function is performed with spherical harmonic expansions to degree n = 360, which implies a spatial resolution of 0.5 degrees in latitude and longitude. Computation of the normalized equilibrium admittance functions, DESAI: OBSERVING THE POLE TIDE WITH SATELLITE ALTIMETRY " E c and " E s , rather than the corresponding admittance functions " Z c and " Z s is preferred here because the normalized functions are determined without any prior knowledge of the body Love number, g 2 .
[23] Figure 2 provides maps of the two normalized admittance functions. The spatial distribution of the two normalized equilibrium admittance functions are similar but the self-consistent equilibrium admittances are noticeably amplified. If the continents, self-gravitation, and loading of the oceans were to be ignored then the normalized equilibrium admittances would be exclusively defined by a degree 2 order 1 spherical harmonic coefficient a 21 = 1. The presence of oceans serves to reduce this principal coefficient by 30% to a value of 0.7022, while the selfgravitation and load of the oceans then amplifies this coefficient by 20% to a value of 0.8439. It is worth noting that the normalized classical equilibrium admittance is mathematically required to have a real valued degree 2 order 1 spherical harmonic coefficient such that the imaginary part b 21 = 0 (see Appendix A). Numerical computations verify this convenient characteristic of the normalized classical equilibrium admittance, and also show that the normalized self-consistent equilibrium admittance has this same characteristic.
[24] The load Love numbers g 0 n are also in the strictest sense complex parameters whose phase would reflect the lag in the response of the solid Earth to the load of the oceans, but such an effect can be thought of as a third-order effect. For example, the normalized self-consistent equilibrium admittance function might be approximated by O(q, l) (1 + g 0 2 a 2 a 21 ) " P 21 exp(il). Assuming that the magnitude of g 0 2 = 1.6935 from the real load Love numbers of Farrell [1972] , then an unusually large phase of 1 -2°in g 0 2 would result in the factor (1 + g 0 2 a 2 a 21 ) decreasing in amplitude by <0.01%, and having a phase of 0.14-0.28°. Therefore, real load Love numbers are always assumed here.
Geocentric Pole Tide Deformations of the Sea Surface
[25] Satellite altimeters observe radial geocentric displacements of the ocean surface and therefore observe the sum total of the radial body, ocean, and load tide deforma- tions, h(q, l, t). Furthermore, the altimetric observations are usually limited to areas that are covered by oceans.
As before, it becomes convenient to define the geocentric pole tide displacement in terms of a geocentric pole tide admittance function, Z A (q, l).
If the ocean pole tide is assumed to have the self-consistent equilibrium response then the geocentric pole tide deformation of the sea surface is effectively the equipotential surface that corresponds to the sum total of the direct pole tide potential and the indirect potential from the associated body, ocean, and load pole tide deformations. The geocentric pole tide admittance function that assumes an equilibrium response of the oceans is then defined by " Z A (q, l).
If it is assumed that the load Love numbers are known then equation (22) shows that the geocentric equilibrium pole tide deformations are linearly dependent on the body Love numbers.
[26] Altimetry data products often model the geocentric pole tide deformation by using only the first term of equation (22) [e.g., Benada, 1997] and therefore ignore the self-gravitation, loading, and conservation of mass of the oceanic response. The error in such a model is approximated again by considering only the dominant coefficient a 21 of the normalized self-consistent equilibrium admittance function in the function E u (q, l), where (1 + k 0 2 )a 2 a 21 = 0.067. Assuming that g 2 /(1 + k 2 ) % 0.5323 then the implied error is approximately only 3.6%. Equation (22) also implies that the sensitivity of the altimetric observations to the Love number k 2 is approximately 16 times larger than it is to the Love number h 2 . Maps of the real and imaginary parts of E u (q, l) are provided in Figure 3 , where some deviations from a purely degree 2 order 1 spherical harmonic distribution are apparent, particularly in the imaginary component.
The Period and Q of the Chandler Wobble
[27] If the ocean pole tide is considered to have a selfconsistent equilibrium response then observations of the period and quality factor, Q, of the Chandler wobble can be inverted for the Love number k 2 . The contribution from the self-consistent equilibrium ocean pole tide and associated load pole tide on the period and Q of the Chandler wobble is determined by considering only the variations in the xz and yz products of inertia, c 13 and c 23 , that are associated with these deformations [e.g., Munk and Macdonald, 1960] .
A dependence on the Love number g 2 , and the degree 2 order 1 spherical harmonic components of the normalized self-consistent equilibrium admittance function is only evident. The necessary coefficients are as defined in equation (19) where a 21 = 0.8439, b 21 = 0.0, a 2À1 = 0.0982, and b 2À1 = À0.0212. For comparison, these coefficients are approximately 2 -4% larger than those that are inferred by the moment of inertia matrix in equation (29) of Carton and Wahr [1986] , depending on the values of the Love numbers that are assumed.
[28] Similarly, the contribution of the body pole tide on the period and Q of the Chandler wobble is also determined by considering the associated variations in c, and are exclusively a function of the Love number k 2 .
Figure 3. Real and imaginary parts of the function E u (q, l) provided in equation (23). Solid contours are positive, dashed contours are negative, and the units are percent.
DESAI: OBSERVING THE POLE TIDE WITH SATELLITE ALTIMETRY
The remaining contribution to the period and Q of the Chandler wobble is from the decoupled fluid core. This effect is derived from equation 4.11b of Smith and Dahlen [1981] and is independent of the Love numbers [see, e.g., Carton and Wahr, 1986] . The period and Q are strictly a function of both Love numbers k 2 and h 2 , with the dependence on h 2 being introduced from the contribution of the self-consistent equilibrium ocean pole tide. However, the sensitivity to h 2 is again very small, with a 1% change in the amplitude of h 2 only affecting the inferred value of k 2 by approximately 0.15%.
Pole Tide Observations From T/P Altimetry
[29] Sea surface height observations from the T/P altimeter are derived after applying environmental corrections to the raw altimeter range measurements for the range delays that are caused by the wet and dry troposphere, the ionosphere, and the sea state bias. Geophysical corrections for the mean sea surface, the inverse barometer response, and the lunisolar solid Earth, ocean, and load tides, are applied to the sea surface height measurements. The diurnal and semidiurnal ocean and load tides from the GOT99.2b model [Ray, 1999] and an equilibrium model of the long-period lunisolar ocean tides are adopted for the ocean and load tide corrections. The sea surface height observations are not corrected in any way for the pole tide.
[30] Attitude control system errors may have degraded the quality of the T/P measurements during the first nine repeat cycles of the mission, so only data from repeat cycles 10 to 331, corresponding to 21 December 1992 to 18 September 2001, are considered. A repeat cycle refers to the fact that the T/P ground track exactly repeats once every 9.9156 days, and might be considered to be the sampling interval of the global sea surface heights. Data from the experimental single frequency solid state altimeter on the T/P satellite are also excluded from this analysis since they do not have the same measurement accuracies as the data from the dual frequency altimeter [Fu et al., 1994] . The T/P satellite has an orbit with an inclination angle of 66°so sea surface height measurements are only available within the latitudes of ±66°. Long gaps in the time series of T/P sea surface height measurements are introduced at polar latitudes because the oceans in those regions are covered by ice for a significant portion of each year. Such long data gaps are likely to corrupt any estimates of sea surface height variations at the Chandler wobble period of 433 days, so the T/P data used here are further limited to latitudes within ±60°.
[31] There are various sources of seasonal variations in the sea surface heights and these are indistinguishable from those associated with the pole tide. Therefore, least squares estimates of the annual and semiannual variations are removed from both the altimetric sea surface height observations, and the locations of the rotation pole prior to correlating the two types of observations. Furthermore, least squares estimates of mean and secular variations are also always removed from both the altimetric and rotation pole data, and should accommodate any errors in the assumed drift of the mean rotation pole. Residual variations in the rotation pole and residual pole tide deformations of the sea surface are then expected to occur almost completely at the Chandler wobble period.
[32] The T/P sea surface heights after applying the above mentioned environmental and geophysical corrections are partitioned into equally spaced globally distributed bins of size 3°in longitude and 3°in latitude. All of the available 1 Hz sea surface heights in each bin are used to estimate and remove the mean, drift, semiannual, and annual response in each bin. The residual sea surface heights are averaged to provide a single sea surface height measurement in each bin for every repeat cycle. A spherical harmonic expansion of these binned sea surface heights is then generated for each repeat cycle.
Orthogonality of the spherical harmonic functions is improved by assigning zero valued sea surface heights in bins over land and in regions external to the latitudes of ±60°. As already described, the geocentric pole tide that is observed by satellite altimeters is expected to have a response very close to equilibrium and therefore has a principal degree 2 order 1 spherical harmonic component. A time series of the degree 2 order 1 coefficients of the T/P cycle-averaged and binned residual sea surface heights, A 21 and B 21 , is provided in Figure 4 .
[33] Since the geocentric equilibrium pole tide displacements that would be observed by satellite altimeters, as defined after inserting equation (22) into equation (21), are significantly less sensitive to the Love number h 2 than they are to k 2 a value of h 2 = 0.6027 is assumed. This leaves k 2 as the only unknown which is then estimated from a least squares fit of the altimetric observations of the degree 2 order 1 spherical harmonic coefficients of sea surface height to the corresponding spherical harmonic components of the predicted equilibrium response. Consistency between the observed and predicted spherical harmonic components is ensured by determining the predictions with the identical method used to determine the observations except that the 1 Hz sea surface height observations are replaced with the appropriate partial derivatives of the equilibrium geocentric pole tide deformations. In doing so the spherical harmonic components of the predicted equilibrium response are effectively also constrained to have zero-valued deformations over land and regions external to the latitudes of ±60°. Figure 4 also shows the respective spherical harmonic coefficients of the predicted equilibrium geocentric pole tide displacement using the following estimated value of k 2 .
" k ¼ 0:308 AE 0:035 ; ¼ À5:1 AE 7:1 Typically the Love number k 2 is expected to have an amplitude of approximately 0.3 and a phase of 0°< ; < 1° [ Wahr, 1985] . The predicted geocentric equilibrium response that uses the estimated value of k 2 and assumed value of h 2 explains 70%, or 276 mm 2 , of the observed variance of the degree 2 order 1 spherical harmonic component of the sea surface heights.
[34] Increasing the assumed value of h 2 by 1% increases the estimated value of k 2 by less than 0.15%. Note also that if the second term of equation (22) is ignored then the estimated amplitude and phase of k 2 is 0.363 and À4.6°.
This illustrates the importance of accounting for the selfgravitation and loading of the ocean pole tide since this difference of 0.055, or 18%, in the estimated amplitude of k 2 is mostly explained by the ignored term g 2 (1 + k 2 0 )a 2 a 21 = 0.047. It is also worth noting that if the reported pole was assumed to be identical to the rotation pole, that is m(t) = p(t), instead of using equation (7) to relate the reported pole to the rotation pole, then the estimated value of k 2 at the Chandler wobble period would be larger by approximately 0.003, or 1%.
[35] An attempt is also made to observe any shorter wavelength features of the ocean pole tide. Maps of the geocentric pole tide admittance function, as defined by Z A (q, l) in equation (21), are estimated simultaneously with the mean, drift, and seasonal response in the 3 by 3°geographic bins.
As before, the admittance functions are with respect to the rotation pole data that have seasonal variations removed. These estimates of the admittance are smoothed with a Gaussian smoothing function similar to that used by Desai and Wahr [1995] . Figure 5 shows these maps together with the predicted equilibrium geocentric admittance function as defined by " Z A (q, l) in equation (22) using values of h 2 = 0.6027 and k 2 = 0.308.
[36] These maps confirm the long-wavelength agreement between the observed and predicted geocentric equilibrium response. There are apparent short-wavelength departures from the expected equilibrium response. However, many of these short-wavelength features are correlated with strong oceanographic phenomenon. As such, they are probably better interpreted as noise in the estimated geocentric pole Figure 4 . Degree 2, order 1 spherical harmonic coefficients, A 21 and B 21 , of the T/P sea surface height (SSH) observations, and the predicted geocentric pole tide deformations of the sea surface height observed by T/P. The predictions are computed with the assumption that the ocean pole tide has a selfconsistent equilibrium response. tide admittance function that is being introduced by the inadequate decoupling of the general ocean circulation of the oceans from the geocentric pole tide deformation from the limited 9 year data record. For example, the observed real admittance function shows features in the equatorial regions of the Pacific Ocean that are highly correlated with the strong El Niño event that occurred in 1997 -1998. Sea surface heights as large as 25 cm are associated with this event and are much larger than the 9 cm global standard deviation of the sea surface height anomaly that is typically observed by T/P. Another example is in the observed imaginary admittance where there is an apparent departure from equilibrium that corresponds to the Gulf Stream on the eastern coast of North America.
[37] To place these results in perspective note that the expected maximum admittance of approximately 50% corresponds to a displacement of the ocean surface of 8 -18 mm over the time period of sea surface height observations that are used in this analysis. These amplitudes are no larger than 8% of the amplitudes of the sea surface heights that are associated with the 1997-1998 El Niño event. Also, the maps of the geocentric pole tide admittance function are generated with only 7.5 cycles of the Chandler wobble.
[38] The Love number k 2 is also estimated from all of the available 1 Hz altimetric observations instead of cycleaveraged spherical harmonic components of the observed sea surface heights, again assuming the equilibrium response defined by equation (22) The fact that both methods arrive at very similar estimates of k 2 can be explained by the fact that for the most part they both essentially consider the degree 2 order 1 spherical harmonic component of the observed sea surface heights. However, the two methods differ in that the spherical harmonic approach specifically imposes the constraint of zero-valued geocentric pole tide displacements in unsampled regions including land areas when determining the cycle-averaged degree 2 order 1 spherical harmonic coefficients. This constraint serves to significantly improve the orthogonality of the spherical harmonics and thereby possibly reduces any aliasing from other spherical harmonic components of the observed sea surface height.
[39] Both of the uncertainties quoted above result from the formal errors in the respective estimates of k 2 . The apparent reduction in these uncertainties by an order of magnitude when using the 1 Hz data instead of the spherical harmonic approach is a numerical artifact that can be explained by the fact that in each repeat cycle a 3 by 3 degree bin contains an average of 150 1 Hz measurements. Meanwhile, the spherical harmonic approach effectively includes only a single measurement in each 3 by 3 degree Figure 5 . Maps of the geocentric pole tide admittance function, Z A (q, l), that is determined from T/P sea surface height observations, and the corresponding admittance that is predicted with the assumption that the ocean pole tide has a self-consistent equilibrium response. bin once every repeat cycle. As such, the formal errors are expected to be smaller by a factor of (150) 1/2 % 12 when using the 1 Hz data. Since the 1 Hz altimetric measurements have accuracies of 40-50 mm then the averaged once per repeat cycle measurements in each 3 by 3 degree bin might be considered to have accuracies of 3 -4 mm. The formal errors that are determined from the spherical harmonic approach are therefore likely to provide a more appropriate measure of the uncertainty in the estimated value of k 2 than do the formal errors that result from the use of the 1 Hz data. Alternatively, the formal errors from the use of the 1 Hz data should be amplified by at least an order of magnitude to account for the errors in each 1 Hz measurement.
[40] Figure 6 illustrates the impact that additional T/P observations of the degree 2 order 1 spherical harmonic components of the sea surface heights have on the estimated values and associated formal errors of the amplitude and phase of k 2 . The values and formal errors shown in Figure 6 are computed by incrementally including an additional pair of degree 2 order 1 spherical harmonic coefficients into the estimate of k 2 as they have become available from each T/P repeat cycle during the course of the T/P mission. No significant reduction in the formal errors is likely from any additional T/P data. However, the Chandler wobble amplitude is time variable and only those amplitudes between 1992 and 2001, which ranged from 0.12 to 0.26 arcseconds, are considered in this figure. The sea surface height observations would have had increased sensitivity to the pole tide if the Chandler wobble amplitudes had remained at their maximum values throughout the observation period, and the formal errors would have been smaller but by no more than a factor of 2.
[41] The scatter of the amplitude and phase that are estimated as each of the last 131 available repeat cycles, or approximately 3 Chandler periods, are incrementally included into the estimate of k 2 is 0.013 and 5.5°, respectively. These values of the scatter of the estimates of k 2 are smaller than the respective uncertainties quoted earlier when all of the available spherical harmonic observations are used, particularly for the amplitude where the scatter is smaller by a factor of more than 2. This suggests that the quoted uncertainties are somewhat conservative. While additional T/P data are unlikely to significantly reduce the formal errors, these longer durations of observations should reduce the scatter in the estimated values of the amplitude and phase of k 2 .
[42] Table 1 compares the amplitude and phase of k 2 that is inferred from polar motion observations of the period and Q of the Chandler wobble with the result that is determined here from T/P altimetry. The inferred values of k 2 are derived by assuming a self-consistent equilibrium pole tide response with the amplitude of h 2 = 0.6027, the phase of h 2 constrained to be identical to that of k 2 , and a real load Love number k 2 0 = À0.3075 [Farrell, 1972] . Most notable is the fact that the uncertainties in the value of k 2 that is estimated from T/P altimetry is one order of magnitude larger than that inferred from observations of the period and Q of the Chandler wobble. Mantle anelasticity causes the solid Earth Figure 6 . Estimated values and formal errors of the amplitude and phase of the Love number k 2 that are estimated exclusively from the degree 2 order 1 spherical harmonic component of the sea surface heights observed during repeat cycles 10-328 of the T/P mission. The estimated values and formal errors are recomputed as the observed spherical harmonic coefficients A 21 and B 21 from each repeat cycle are incrementally included into the estimate of k 2 . 0.308 ± 0.035 À5.1 ± 7.1 a Values of the Love number k 2 are inferred from observations of the Chandler wobble period and Q by assuming a self-consistent equilibrium ocean pole tide response, with the amplitude of h 2 = 0.6027, the phase of h 2 constrained to be identical to that of k 2 , and a real load Love number k 2 0 = À0.3075.
to lag the elastic response such that the phase lag is expected to be positive [Wahr, 1985] , and this is confirmed by observations of the Chandler wobble Q. The phase of k 2 determined here from T/P altimetry is negative but fortunately the associated uncertainty in the phase encompasses the expected positive value.
Conclusion
[43] The geocentric pole tide deformation at the Chandler wobble period explains 70% of the variance of the degree 2 order 1 spherical harmonic component of the residual sea surface displacement that is observed by the T/P altimeter, after accounting for inverse barometer, seasonal, and lunisolar tidal effects. At least within the latitudes of ±60°this long-wavelength component of the ocean pole tide appears to be consistent with the self-consistent equilibrium response. The T/P altimetric data appear to be capable of discerning the effects of self-gravitation and loading of the ocean pole tide since the Love number k 2 that is estimated from these observations is closer to the expected value of 0.3 when these effects are considered than when they are ignored. Ignoring these effects introduces an error of approximately 3.6% in models of the radial geocentric pole tide deformations and an error of almost 16% in the estimated value of k 2 . Satellite altimetry is not the most suitable geodetic technique to determine k 2 at the Chandler wobble period, with uncertainties in the estimated value of k 2 being one order of magnitude larger than when k 2 is inferred from polar motion observations of the period and Q of the Chandler wobble.
[44] Mapping the short-wavelength structure of the geocentric pole tide deformation with only the first 9 years of the T/P altimetric data record, or equivalently with less than eight cycles of the Chandler wobble, proves to be a challenging task because oceanographic noise appears to contaminate these maps. Unfortunately, this makes it difficult to use the currently available T/P altimetric data record to observe any true short-wavelength departures from equilibrium such as those that may exist in the North Sea.
[45] Improvements in mapping the short-wavelength structure of the geocentric pole tide admittance function require significantly longer durations of altimetric observations to better decouple high-energy oceanographic events from the relatively small geocentric pole tide deformations. Further such improvements would also be aided if future observations corresponded with larger Chandler wobble amplitudes, and therefore larger signal-to-noise ratios in the observed geocentric sea surface displacements, than those observed during the period considered here. Larger Chandler wobble amplitudes are likely to also reduce the formal errors in the value of k 2 that is determined from T/P altimetry, but probably by no more than a factor of 2. Longer durations of data should, however, provide better convergence of these estimates of k 2 . 
